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GRAPHICAL ABSTRACT
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Abstract

Worldwide over 700 million people lack access to energy and safe water, while population
growth and climate change further stress limited freshwater reserves. The search for innovative,
sustainable, and cost-effective self-powered and decentralised water treatment technologies is,
therefore, more urgent than ever; especially in vulnerable areas like North East Brazil, where
water access is heavily restricted. In this context, in this study the development and
implementation from the lab to the field of a low-cost, self-powered system for the
decentralised treatment of water, is presented for the first time. The system consists of an array
of soil microbial fuel cells (SMFCs) that powers an electrochemical reactor for water treatment.
Each SMFC is characterised by a flat geometry, with the anode embedded into the soil and the
cathode exposed to air. The soil acts as the electrode separator and as a source of both
electroactive bacteria and organic matter. Each SMFC generates a power of 0.4 mW, which is
increased up to 12.2 mW by electrically connecting 16 SMFCs in parallel, with stable
performance over 140 days of operation. An upscaled system consisting of a stack of 64
SMFCs was subsequently installed at a primary school in Icapui, North-East of Brazil,
demonstrating a treatment capacity of up to three litres of water per day when integrated with
the electrochemical reactor. By demonstrating implementation from the lab to the field, our
work provides an effective route for the scalability and practical application of SMFC stacks

for energy generation and self-powered water purification in remote areas.

Keywords: Renewable Energy; Electrochemical Water Treatment; Soil Microbial Fuel Cells;

Scale-up; Power Management System, Sustainability



Introduction

Access to both sustainable energy and safe water are two global targets set by the United
Nations Sustainable Development Goals (SDG) for 2030, which are tightly connected to each
other. Despite being both a fundamental human right, over 700 million people (11% of world’s
population) still suffer from energy and water scarcity (1). Factors such as population growth,
rapid urbanisation, climate change and environmental pollution put freshwater resources under
threat while pushing for more reliable and affordable energy solutions. Some of the most
vulnerable communities around the world are also those that suffer the most direct
consequences from the shortage of energy and safe water. For example, energy and water
scarcity in the North East regions of Brazil creates extreme social and economic vulnerability.
These areas suffer from a semiarid climate and water resources that are frequently polluted by
unsustainable human activities (2). In North East Brazil, and other areas worldwide that share
similar challenges, the development and implementation of self-powered, sustainable,

affordable and innovative technologies for decentralised water treatment is, therefore, critical.

Electrochemical treatment (ET) technologies have shown great potential for water purification
and disinfection (3-5). Key advantages over traditional methods are high efficiency, mild
operating conditions, and great versatility (6). A disadvantage of ETs is their relatively high-
power requirements, which makes this technology impractical in areas where a stable energy
supply cannot always be guaranteed. Thus the integration of ETs with renewable energy
sources is key for scalability and implementation in remote areas (7). Microbial Fuel Cell
(MFC) technology holds great potential as a low-cost and sustainable power source that might
be used to power ETs, as recently shown by coupling an electrochemical reactor with an array
of MFCs for algae removal in wastewater (8). MFCs are fuel cells in which microorganisms
catalyse the direct conversion of organic matter into electricity. A range of wastewaters have
been used as effective fuel source for MFCs, thus demonstrating not only the technology
potential as a carbon-neutral and green energy source, but also significant versatility (9).
Wastewater treatment by MFCs has been widely demonstrated, particularly BOD and COD
removal (10), water denitrification (11) and, recently, pathogens removal (12). MFC
technology is, however, less effective than ET methods, such as Fenton-based advanced
oxidation, which are able to treat water to a higher quality standard, by generating powerful

hydroxyl radicles and are also suitable for drinking water treatment (13).

With regard to the use of MFCs as a power source, several studies have demonstrated the

possibility to scale-up the output power by stacking together multiple MFC units (14).
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Moreover, the use of a power management system can ensure effective and stable performance
over long periods of time (15). Soil Microbial Fuel Cells (SMFCs) are a specific class of MFCs
in which the soil acts as the supporting matrix, the source of microorganisms, and, in
membrane-less configurations, also as the separator between the anode and the cathode (16).
Consequently, the overall design of SMFCs is simpler and easier to scale up than traditional
MFCs (17). Furthermore, in SMFCs there is no need for external fuel provision, as in other
types of MFCs, which further simplifies the system operation, since the organic matter,
generated through the action of organisms present in the soil is transported to the anode by
diffusion through the soil (18). SMFCs are consequently a good candidate for cost-effective

power generation in remote areas, where low maintenance is preferable.

Traditionally, benthic and sediment MFCs, with the anode embedded in sediment and the
cathode suspended in water, have been widely tested in field (19). Initial prototypes
implemented in marine sediments achieved power densities of up to 20 mW m (20), which
has been further increased to 100 mWm™, with design optimisation (21). Such a high
performance has, however, only been reached in a laboratory setting for no more than 45 days,
as these systems often struggle with high ohmic losses, caused by significant electrode spacing
and fouling (21). Apart from marine sediments, similar configurations have been tested in
wetlands (22) and paddy fields (23), reaching maximum power densities of 18 mWm™2 and 14
mWm2, respectively. Usually, these devices are based on a flat geometry and some integrate
compost (24) or plants (25) to provide additional organic matter and enhance the performance.
Although effective, with some cases reporting 240% increase in power densities, from 5.13 to
12.42 mWm™ (26), utilization of plants has shown to have negative impacts on stability, due
to the influence of sunlight on the electric output (27). To minimise ohmic losses, and eliminate
the sunlight-dependent electricity generation, a tubular design installed in a wetland has also
been recently proposed (28). In this design, the anode was wrapped outside the tubular support
and the cathode was placed inside, exposed to air. Despite achieving a smaller footprint and
greater power performance of 22 mWm™, this device suffered from instability due to oxygen
crossover from cathode to anode, significantly lowering the electric output over the period of
160 days (28). Operation in waterlogged environments helps maintain the anode under anoxic
conditions whilst facilitating ion transport to the cathode (29). It often implies, however, that
the cathode is fully submerged in the water, which slows down the oxygen reduction kinetics
and leads to the need for expensive catalysts or additional aeration (30). In SMFCs designs

with the cathode exposed to air, performance can be greatly affected by the moist content in



soil. Scale-up and field implementation of the technology must necessarily account for

operations in a moist-controlled environment.

In this work, we present the development and transition from the lab to the field of a cost-
effective array of SMFCs to generate energy and power an electrochemical reactor for water
treatment. Each SMFC has a flat geometry, with the anode embedded into the soil and the
cathode exposed to air. The moisture content within the soil can significantly affect the
performance of SMFCs with air exposed cathodes, and so to control the moisture content the
soil in which the SMFCs were operated was placed in a box and a gravity fed irrigation system
was implemented. The power output is scaled up by electrically connecting multiple SMFCs
in parallel; the effect of operating the SMFCs in a shared or independent electrolyte
configuration was also investigated. To harvest the energy generated by the stack and store it
until required, a power management system is used and its operation characterised. Finally, the
SMFC stack was integrated with an electrochemical reactor to demonstrate the self-powered
treatment of pond water in a primary school in North East Brazil. Consequently, this study
shows for the first time the effective upscaling of SMFCs for energy harvesting and the self-

powered electrochemical treatment of water in remote areas.

Materials and methods
Materials

All reagents used were purchased from Alfa Aesar and Sigma-Aldrich of analytical grade and

used without further purification.

The lab-based tests were performed with soil collected from the University of Bath campus.
Prior to use, the soil was cleaned from small stones, roots, and leaves. No external organic
matter was added. The nitrogen (N), phosphorous (P) and potassium (K) content in the soil was
qualitatively assessed with the HI-3869 Soil Test Kit (Hanna Instruments), using the provided
guide (31). The pH and conductivity of the soil were measured by using a Thermo Scientific
Orion Star A325 probe. The initial water content of the soil, WCi.i, was determined from the

weight difference before and after a drying process, according to Equation 1:

Wi —W-
WCs01 (%) = ( 1W2 :

) * 100% (1)

where, W1 and W> is the weight (g) of the soil sample respectively before and after being oven-

dried overnight at 105°C (32).



The percentage of organic matter content (OM) of the dried soil samples was analysed by the
Loss of Ignition (LOI) method (33). Briefly, the samples where were heated to 375 °C for 24 h

and the OM was calculated according to Equation 2:

Wp—Wq

oM = ( ) * 100 2)

Whp
where Wy, and W, is the weight (g) of the soil sample respectively before and after ignition.

In the field tests commercial agricultural soil was purchased from a local gardening centre in
Fortaleza, Brazil (MF Rural). Table 1 summaries the physicochemical characteristics of both

soils used in the study, obtained through lab analysis and specified by the manufacturer.

Table 1. Physicochemical properties of the soil used in the laboratory and field tests

Parameter Laboratory tests Field tests

pH 6.5 7

Nitrogen Low: <10 ppm Medium: 10 — 20 ppm
Phosphorous Trace: < 10 ppm Medium: 20 — 40 ppm
Potassium Low: <150 ppm Medium: 150 — 250 ppm
Moisture content 53 % 55%

Organic matter content 174+ 1.5 % 25.8 %

Soil Microbial Fuel Cell Design and Operation in Laboratory Experiments

The SMFCs developed in this study consisted of two graphite felt electrodes (10 x 10 x 0.7 cm)
separated by a fixed distance of 4 cm with 10 cm long nylon screws (Bluemay Ltd), as shown
in Figure 1A. To understand the most effective design for technology scale up, SMFCs with
lager electrodes were also tested, with dimensions of 27.5 x19.5 x 0.7 cm (SMFClarg), shown
in Figure 1B. In all cases, no external membrane was used and at the cathode, no oxygen
reduction reaction catalyst was implemented. Before use, the anodes underwent an acid and
heat treatment to increase the hydrophilicity and the roughness of the carbon nanofibers, as

previously described (34).
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Figure 1. Sketch of the two SMFC designs used and experimental set-up. A) SMFC with small
electrodes; B) SMFC with large electrodes; C) operation in individual boxes; D) operation in

shared electrolyte.

The performance of the SMFCs was investigated both in individual and shared electrolyte
conditions. With this purpose, 16 soil microbial fuel cells with small electrodes were
constructed (Figure 1A). Eight SMFCs were placed in separate 20 x 15 x 8 cm PVC containers
and the other eight were kept in a single 71 x 44 x 23 cm box, as shown in Figure 1C and 1D
respectively. The devices with large electrodes, SMFClLarge, were also fit into individual boxes
of dimensions 35 x 25 x 8 cm. In each case, the cathode was exposed to air and the anode
buried into the soil. The electrodes were manually woven with titanium wire (0.25 mm
diameter), which acted as the current collector. Each SMFC was connected to an external
resistance of 510 Q, and to a data acquisition system (ADC-24 Pico data logger, Pico
Technology, UK).

The PVC containers were installed into a two-level frame with LED lights; the lighting was
ON/OFF for 12/12-hour cycles to simulate day and night conditions, at room temperature (20
+ 2 °C). To maintain the moisture content the soil was irrigated with approximately 1.5 L of
tap water every 48 h using a gravity fed irrigation system, comprising of a 25 L water tank
(TanksDirect), an electronic water timer (Kingfisher) and a micro drip irrigation kit (Yikaich),

see Figure S1B in the Supplementary Data for more detail.
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During the enrichment stage, the output voltage, E, generated by the fuel cell over time was

interpolated with the modified Gompertz model, according to Equation 3 [31].
E = Epax - exp (—exp(225) - (A= £) + 1) (3)

Where: Emax is the steady-state cell voltage (V); A is the lag phase duration (days); e is the

Napier’s constant (2.71828); Lmax is the maximum specific growth rate (d).

Once a steady state voltage output was observed (approximately after three weeks), the SMFCs

were electrically stacked in parallel to scale-up the power output.

Polarization tests were performed by connecting the SMFCs to a decade resistance box
(Cropico RM6 Decade), varying the applied resistance, R, from 900 KQ to 40 Q every 10
minutes, and recording the pseudo-steady state output voltage. Ohm’s law, £=/R, was used to
calculate the corresponding current (I) at each external load value. The power, P, was calculated

using the power law, P=/F.

Operation of the electrochemical reactor for water treatment

Water purification by advanced oxidation was performed with a commercial electrolysis
reactor, Mini-DiaCell® (Adamant Technologies). The electrochemical cell consisted of two
Boron Doped Diamond (BDD) electrodes of dimensions 2.5 x 5.5 cm, secured inside a 9 x 4 x
4.5 cm case, with pre-drilled holes for water inlet and outlet, as well as for the electrical

connections.

To avoid power requirement associated with pumping, a gravity driven set-up was developed,
as shown in Figure S2. This consisted of a 1 L funnel attached at the top of the reactor, where
water was stored prior to treatment, and a valve at the outlet, installed with the purpose of

controlling the flow rate/hydraulic retention time.

The optimal operating conditions for the reactor, in terms of both current applied and hydraulic
retention time, for effective water treatment were investigated with a synthetically
contaminated water. The aqueous solution contained 10 ppm of methyl orange and 0.05 M of
NaSO4 and was made with distilled water. Sodium sulphate was used to enhance the
conductivity of the solution, facilitating the electrochemical reactions, whilst methyl orange
was used as a model pollutant, due to the ease of monitoring its degradation using UV
spectroscopy (35). Thus, removal efficacy was assessed in terms of absorbance (Abs) variation

between inlet and outlet at the wavelength of 464 nm, according to Equation 4:



Absin—AbSoyt

removal ef ficiency = e
in

%100 )

The absorbance was measured with a UV-Vis Spectrophotometer (Agilent Technologies).
Current was supplied using a power source (Topward Electric Instruments co. 1td.), whilst the
flow rate was adjusted manually with a valve. The two parameters were then used to estimate
the volume of water treated, as per Equation 5:

Vio = (5——) * @ (5)

Pr—PsmFc

Where Viao is the volume of treated water (L), C is the total energy delivered (mW h), P; is
the power required by the reactor (mW), Pswmrc is the power continuously generated by the

fuel cells (mW) and Q is the flow rate (L h™).

Power management system

To harvest, store and supply energy from the SMFCs and meet the energy requirement of the
electrochemical reactor, a power management system (PMS) was developed. The complete
electronic circuit consisted of four stages: a BQ22504 boost converter and battery charger; a
3.6 V battery; a MAX17250 boost converter, and an LT3092 constant current source (Figure
2).

Source Energy Store Load
/ Vin WVout Vin Vout In LT3092 Out

| + | s

. SMFCs : BQ25504 BT "o : MAX17250 . RL I]
Q I Z

Gnd Gnd - Gnd Gnd

Figure 2. Electronic circuit of the power management system used in this study.

In the first stage, the SMFCs were connected directly to a BQ25504 boost converter (Texas
Instrument), an energy harvester specifically designed to efficiently acquire and manage micro
to milliwatts of power from variety of DC sources (36). The harvested energy was then used to
charge a3.6 V, 600 mAh (NiMH) nickel metal hydride battery stack, comprising of three single
cell batteries connected in series with a nominal voltage of 1.2 V each. This battery was chosen

as the energy storage element since its capacity provides sufficient energy to purify over 1 L
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of water. The battery has a maximum charged voltage within range of the output of the
BQ25504 and can be protected from under or over charging. Since the source voltage coming
from the battery was too low to meet the reactor operating conditions, in the third stage of
operation, a boost converter (MAX17250 — Maxim Integrated) was added to step-up the
voltage and generate an output of 18 V. Lastly, before connecting the PMS to the
electrochemical reactor, the current supply was fixed with a constant current source (LT3092
— Linear Technology). This step ensured that a constant current of 200 mA was delivered to
the reactor despite changes in load impedance, thus maintaining uniform performance of the
water treatment process. To guarantee safe and reliable field operation, all the electronic
components were placed in an IP67 box, designed to prevent ingress of water, dust and any

other potential contaminant.

The performance of the PMS was assessed in terms of battery charge and discharge tests. Prior
to the charge tests, the battery was drained below its nominal point, to be able to distinguish
the percentage charge remaining inside more accurately. This was done by connecting the PMS
to a load, such as a small fan, and running it until the desired battery voltage is reached. After
that, the SMFCs were connected to the PMS and left to charge the battery, whilst the battery
voltage was monitored with a multimeter (Sealey). The discharge tests were performed once a
full charge was reached. Then, the PMS was connected to a load and the output current and
voltage were measured. All results were then normalised to a single cell battery (1.2 V) and

compared against a discharge curve provided by the manufacturer (Figure S3).

Field work: experimental Set-up and Operation

The field work was performed in the courtyard of the primary school EEF Professora Mizinha
of Icapui, State of Ceard, Brazil (4°42'23.94"S 37°21'39.43"W). Eight SMFCs (electrodes size 10
x 10 x 0.7 cm) were fit into 50 L (23 x 44 x 71 cm) PVC boxes filled with soil, for a total of 8
boxes and 64 SMFCs. The boxes were distributed onto the shelves of two frames, which were
placed in the school courtyard (see Figure S1D). During the operation, the soil moisture content
was maintained with pond water collected nearby the school (pH 7.5 = 0.3, salinity 0.3%,
dissolved oxygen 3.3 + 0.1 mg L!). A gravity fed irrigation system was set-up on the top shelf
of the two frames. The average temperature during the experiments was 30 ‘C, with an average

humidity of 80 %.

As for the case of the lab experiments, the SMFCs were enriched with an individual electrical

connection for 14 days using an external resistor of 510 Q. Subsequently, the SMFCs were
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electrically connected in parallel. The output voltage was monitored discretely by means of a
multimeter (Sealey). Polarization tests were performed by connecting the fuel cells to a data

logger and monitoring pseudo steady state voltages under different external resistances.

For the water treatment tests, the stack of 64 SMFCs in parallel was connected to the PMS to
charge the battery. Afterwards, the stored energy was used to power the electrochemical reactor
and drive the electrochemical purification of water. To assess the efficacy of treatment,
dissolved oxygen content was measured in both the inlet and outlet water with a multiparameter

by Hanna Instruments.

Gravity-fed irrigation system
+ Gravity-fed water supply

- |

Inlet water ——»

Array
of ——
SMFCs

<+—— Electrochemical
reactor

-t

Power management system

Outlet water —»
%

‘_

Key:

w— [rTigation piping ---- Electrical connections

Figure 3. Experimental set-up of the self-powered water purification system (not to scale).

Results and Discussion

SMFC configuration and power scale-up

The aim of this study was to demonstrate the self-powered electrochemical treatment of water
by coupling an electrochemical reactor with a stack of soil microbial fuel cells. The integrated

system was firstly developed and tested in the lab and then tested in field.
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Initial tests investigated the most effective set-up for energy generation by the SMFCs. In the
design presented the soil acts as the supporting matrix, the electrode separator, and as the source
of electroactive bacteria and organic matter. Previous studies have reported a potential drop in
fuel cell stacks with a shared anolyte configuration, due to ionic cross conduction and the
parasitic current generated (37, 38). Therefore, tests using both individual or shared anolyte
were carried out, as detailed in the Methods Section, to understand the effects that each

arrangement would have on the generated power.

Figure 4 shows the enrichment curves and the power curves of the SMFCs in both a shared and
non-shared anolyte configuration. No marked difference in the start-up time, power generation
and internal resistance (Figure S4), was observed between the two configurations. On average
each fuel cell generated power densities of 38 mWm™2. Still, the individual anolyte
configuration showed greater variation between each box, probably because of difficulties in

maintaining uniform soil moisture in the individual boxes.
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Figure 4. Electrochemical performance of the SMFCs operated in a single large box (shared

anolyte configuration) and in individual boxes (individual anolyte configuration). A)
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enrichment curves over 15 days. B) power curves obtained from polarisation tests. Error bars

refer to 8 and 4 replicates respectively for the case of shared and non-shared electrolyte.

After 38 days of operation, the SMFCs in both configurations were electrically connected in
parallel. First, a stack of two fuel cells only was established. After every 48 h, an additional
fuel cell was connected and so on until a stack of eight fuel cells was obtained. As expected,
this strategy led to an increase of the power density from 38 mWm™ to 75 mWm™, which
enabled a linear scale-up in the power output (Figure 5). In the case of the SMFCs in the shared
anolyte configuration, the power output increased more than eight times with a stack of eight
SMFCs, i.e. from 0.38 mW to 6.54 mW. For the case of the SMFCs in the individual electrolyte
configuration, the peak power obtained with the stack of eight SMFCs was 1.13 times smaller,

which was due to the non-uniform performance of individual units.

E SMFCs in individual anolyte
6 Tw SMFCs in shared anolyte

5 +

‘ol
o +HET : : : : : : |
1 2 3 4 5 6 7 8

Number of SMFCs Connected in Parallel

Maximum Power / mW
=

Figure 5. Peak power output of stacked SMFCs in both individual and shared anolyte
conditions obtained through polarisation tests. The polarisation was performed two days after
electrically connecting in parallel the SMFC units, and each time the applied external

resistance was adjusted to the optimal value.

Sharing the electrolyte did not affect the performance of the SMFCs. In fact, when the SMFCs

were connected in stack, the shared electrolyte configuration led to greater power outputs.
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To further examine possibilities of optimising the design and to understand the best route for
power scale-up, the use of a large fuel cell was also tested. The resulting performance was
compared with an array of SMFCs connected in parallel with an equivalent geometric surface
area of the electrodes. It has been previously demonstrated that in continuous flow systems, the
miniaturisation and multiplication strategy is an effective route for scaling-up (39). In
continuous flow systems, a design characterised by short electrodes would reduce the thickness
of the diffusion layer developing along the electrode length, leading to better fuel efficiencies
(40). This approach may, however, not be valid in our system, as the fuel provision relies on

diffusion through the soil rather than external feeding.

To verify this hypothesis, two SMFCs with larger electrodes, SMFClLarge, were built and tested
as alternative to the stack of multiple SMFCs units with smaller electrodes. Both the anode and
the cathode in SMFClLarge were equivalent to five electrodes (in terms of geometrical size) used
in the other SMFCs. Figure 6A shows a comparison of enrichment curves for SMFCs with
small and large electrodes. For SMFClraree the lag phase is shorter, approximately 3 days, and
the steady-state voltage is reached after only 8 days rather than 13 days. Such substantial
reduction in start-up time is a result of a lower internal resistance, due to the electrodes size
(41). Nonetheless, the steady state voltage generated by SMFCrage (284 + 16 mV) was
approximately 1.4 times larger than the one generated by SMFCs with smaller electrodes (207
+ 62 mV), and the power density dropped to 5.8 mWm™, showing a negative trend versus
electrode surface area. Moreover, when five SMFCs were connected in parallel, leading to
electrodes with the same equivalent geometric area of SMFClarge, the resulting peak output
power (3.66 mW) was approximately 12 times larger than SMFClrarge (0.31 mW), as shown in
Figure 6B.
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SMFClLarge, both the anode and the cathode are five times larger than in SMFC. B) Power curves
obtained from polarisation tests. Comparison between SMFClLage (n=2) and a stack of five
SMFCs connected in parallel (n=1), leading to a surface area of the electrodes equivalent to

those in SMFCLarge.

The poor performance of SMFCLrage may be attributed to current losses within the electrode
(42). In the case of the cathode, it was also challenging to ensure contact of the electrode and
the soil. Similar findings by others suggest that the relationship between power density and
surface area of the current-limiting electrode is non-linear, due to edge effect and mass
transport limitation (43). Nonetheless, the polarisation tests showed that both SMFClare and
the stack of five SMFCs were characterised by an internal resistance of approximately 60 €,

(see Figure S5), which seems to contradict the design fault hypothesis. A more systematic
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investigation, beyond the scope of this study, should be performed to further explore this

phenomenon.

Considering these results, all other experiments were performed with stacks of small sized
SMFCs in shared electrolyte. To assess the long-term performance, SMFCs previously
operated in individual boxes were moved into a single large container, leading to a second stack
of eight SMFCs. Three weeks later, the two stacks of eight SMFCs in shared electrolyte
configuration were connected in parallel. The resulting stack system generated a peak power
of 12.2 mW or 76.3 mWm (Figure S6), further confirming the linearity of the strategy adopted
for the power scale-up. The stack was also capable of sustaining continuous powering of a

white LED, as shown in Figure S7.

The SMFCs were then left to operate under a 100 Q load, instead of the resistance value at
which maximum power was obtained (20 Q). This strategy was adopted to avoid excessive
stress to the anodic microbes (44). Figure 7 shows that the performance of the stack was very
stable over time, generating a current density of approximately 40 mAm™ (6.1 £ 0.3 mA),
which is in line with what has previously been reported in plant MFCs (45). The current drop
observed on day 110 of operation was caused by a fault in the irrigation system, resulting in no
watering of the boxes for up to five days. Once the issue with the irrigation system was solved,
the baseline current was re-established. Due to time restrictions, the experiment was stopped
after 140 days of operation. Nonetheless, the performance of the SMFCs stack was sustained
during this period of time. Compared to plant MFCs that have shown long-term performance
deviations of over 90 %, related to sunlight dependence (27), or in the case of tubular designs,
to oxygen crossover (28), our SMFCs demonstrated a much more resilient operation.
Furthermore, unlike conventional or floating MFCs (46), exposed to a greater variation in
organic content, pH and flow rate of the wastewater (10), the semi-controlled environment in
our system helped generate steady power, representing a viable option for a stable long-term

operation.
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Figure 7. Current generated over time by the stack of 16 SMFCs electrically connected in
parallel under a 100 Q load. The arrow indicates the point where the irrigation was

interrupted. After five days, the system was watered again.

Operational conditions of the electrochemical reactor

Prior to field testing, the operational conditions of the electrochemical reactor were optimised
in the lab. The applied current was investigated to confirm the electrochemical production of
oxidizing species that would enhance the treatment efficacy (47). Another important factor is
the retention time within the reactor, with longer times being more beneficial to the treatment,
because the oxidizing species react with the pollutants in the reaction cage, favouring a
complete elimination (47). To address the overall energy demand of the reactor with the
SMFCs stack and develop a self-powered integrated system, the most energy efficient
combination between these two factors had to be investigated. With this purpose, three different
flowrates (7 ml min™!, 13 ml min"! and 17 ml min™") were tested at different power ratings. At
an operating voltage of 8 V, an applied current of either 100 mA, 200 mA or 240 mA was
selected to achieve a treatment efficiency (i.e. percentage of methyl orange dye removed,

Equation 4) no lower than 90%.
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Figure 8. Optimising the operational parameters of the electrochemical reactor.

As expected, the highest removal efficiency obtained, 96%, occurred at the highest input
current (240 mA) and the slowest flowrate (7 ml min™') tested (47). This result clearly indicates
that sufficient oxidizing species (hydroxyl radicals) are produced at the BDD surface by
applying higher current, to promote the electrochemical incineration of the organic pollutant
due to the higher residence time with the oxidants in solution. Under this flowrate and applied
current, the treatment of 0.5 L of water would take approximately 1.2 h. To sustain the reactor
operation for such duration, a 600 mAh 3.6 V NiMh battery would be required as the energy
storage component. Nonetheless, by supplying a current as low as 100 mA to the reactor, under
the same flowrate, the removal efficiency was maintained at 94%. With the lowered current
demand, a battery of the same capacity could sustain the reactor for up to 2.9 h, allowing for

treatment of 1.2 L of water.

Although slower flowrates would enhance the treatment efficiency, thanks to a better contact
between oxidants and contaminants, higher flowrates would allow the treatment of higher water
loadings per unit time. For this reason, faster flowrates were also tested. As shown in Figure 8,
removal efficiencies above 90% were still maintained with high current inputs. This result is
due to the efficient electrogeneration of oxidizing species by using BDD anodes, as previously
reported (48, 49). Considering the results obtained, a selection of 200 mA for the input energy

and 17 ml min™! for the flow rate (to be met by gravity flow) was selected.

SMFCs operation in field
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Based on the lab results, field tests were subsequently performed in Icapui, North-East Brazil.
The aims of these tests were to investigate the stack performance with a different soil
formulation, under the environmental conditions typical of semi-arid regions, and to
demonstrate effective self-powered water purification by integrating the SMFCs stack with the

electrochemical reactor.

As shown in Figure 9, despite differences in soil composition, water used for irrigation,
operating temperature and humidity, the performance in the field was comparable to lab results,
thus demonstrating good reproducibility. Under field condition it was observed that the internal
resistance of a single fuel cell was 144 Q (Figure S8), 3.5 times lower than the value obtained
in the lab, and the current generated in the field was twice as high. This significant reduction
of the internal resistance could be attributed to the difference in conductivity of the irrigation
water used in the field. The latter, collected from a pond nearby the school, was characterised
by an electrical conductivity of 4.68 mS cm™!, whereas the tap water used in the lab had a
conductivity of 0.32 mS cm™. Moreover, as shown in Figure 9A, in the field the steady-state

voltage was reached on day 10, four days faster compared to the lab.
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Figure 9. Comparison of performance in the lab and in the field of individual SMFCs in shared

electrolyte. Data is the average of 8 replicates.

After being enriched individually, the SMFCs were connected in parallel to generate stacks of

8 first, then 16 and ultimately 64 SMFCs. Figure 10 compares the stack performance in the
field with the lab.
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Figure 10. Comparison of performance in terms of maximum power (A) and current at
maximum power point (B) for SMFCs operated in the lab and in the field. Note that results for

64 SMFCs are theoretical values extrapolated from experimental trends, as described in Fig
S9.

The experiments revealed that the maximum power generated by the stack in the lab was
significantly larger compared to the field-based systems. This difference was attributed to a
greater cell potential. For example, the open circuit voltage for a stack of 8 SMFCs in the field

was 454 mV, compared to 734 mV obtained in the lab-based set-up. One of the possible reasons
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for this could be the shorter operation period in the case of the field experiments, 25 days versus
50 days in the lab-based experiments. Consequently, the anodic biofilm may have not been
mature enough when these electrochemical tests were performed (50). Nonetheless, the internal
resistance of the SMFCs in the field was lower, leading to the generation of a comparable

current at peak power, as shown in Figure 10B.

Due to equipment restriction in the field, it was not possible to perform polarization tests on
the stack of 64 SMFCs. Nonetheless, considering the linear relationship observed between
current and number of SMFCs arranged in parallel (R? of 0.9916), extrapolation of the result
suggests that the stack of 64 SMFCs would generate a peak current of 85 mA and a peak power
of 18.3 mW. To test the accuracy of this estimation, the stack of 64 SMFCs was connected to

the PMS and the battery charge time was measured by monitoring the battery voltage over a
period of three days (Figure 11A).

A 4 +
R °
39 + °
s .
= . *
§n3.8 +
; °
5.3.7 " .
z
360 T
L ]
35 } } } |
0 20 40 60 80
Time / Hours
B
14 +
>
&
= .
>° 13 + ° . °
2 e
2
s o*
12+
‘—"-N‘ [
g
5]
Z.
1.1 } I } |
0 20 40 60 80

Time / Hours

Figure 11. A) Charging behaviour of the 3-cell NiMH battery stack. B) Charging behaviour

normalised to a single battery cell.
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The charge test was initiated once the single battery cell equivalent voltage dropped below the
nominal value, reaching 1.18 V. This voltage, compared with the discharge curve in Figure S3,
at 1 CA (nominal discharge current of 100 mA), equates to 60% discharge, or 40% of full
charge. At this point, the stack of SMFCs was connected to the PMS. The next measurement
was taken after 4 h, showing 1.22 V, or 80% of charge. The 40% increase follows the
theoretical charge rate, as the maximum time to achieve a full charge (assuming 20% efficiency
loss) of a 600 mAh battery, with a charge rate current of 85 mA, was estimated to be 8.5 h,

using Equation 6.
c
T.=(Z)+n (6)

Where T. is the time taken to reach a full battery charge (hr), C is the battery capacity (mAh),
L¢ is the current applied (mA) and I] is the battery charge efficiency

The battery charging was limited to a maximum single cell equivalent voltage of 1.33 V by the
PMS, and after 22 h of charging, the battery single cell equivalent voltage was 1.27 V (91% of
charge). One day later, the percentage charge increased by only 2%, and finally at the end of
day 3 the experiment was stopped, with the battery reaching its single cell equivalent voltage
of 1.31 V or 93.5% charge. The reason for the difference between the final single cell
equivalent voltage and the pre-set limit is likely down to tolerances in the resistor values used
for setting the maximum charge voltage limit (5% tolerance resistors were used). For this
reason, it was assumed that the theoretical charge rate was matched by the experiment,
successfully demonstrating the SMFCs functionality in-field, with potential for two charge
cycles per day.

The final step was to use the electrical energy produced to treat water using an electrochemical
reactor. For this, the SMFC stack was subsequently integrated with the electrochemical reactor
and operated under the conditions optimised in the lab. The ability of the integrated system to
treat the pond water was then investigated. The efficacy of treatment was confirmed by the
change of colour of the water sample in the outlet (Figure S10). At BDD anodes, organic matter
degradation is favoured independently of the applied current density, as already confirmed in
lab tests (Figure 8). The process is controlled by mass transport, which is affected by the
residence reactor time due to the flow rate (Figure 8), in agreement with previous studies (3).
Efficient production of hydroxyl radicals is promoted at BDD surface, favouring the pollutants
degradation close to anode surface and in the reaction cage. Unlike active anodes, BDD has

higher oxygen evolution potential (+2.30 V versus SHE), and does not provide any catalytic
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active sites for the adsorption of reactants and/or products from the aqueous solution. Instead,
it favours the oxidation of water molecules, leading to the fast formation of free-hydroxyl

radicals, as follows (3):
BDD(*OH) + organic matter —» BDD + CO, + H,0

These species are weakly absorbed at the anode surface and are consequently available to react,
favouring the electrochemical oxidation and mineralization of organics in the real water.
Although characterised by a short life-time, hydroxyl radicals are available to attack pollutants
(i.e. organic matter and microorganism), allowing the formation of intermediates that oxidize
into CO; and H>O (48, 51). It is important to highlight that, although the electrochemical
oxidation using non-active anode is principally favoured by the free-hydroxyl radicals action,
the presence of sulphate or chloride ions in the real water sample allows the electrogeneration
of stable oxidizing species, such as persulfate and active chlorine, which also contribute to the

abatement of organic substrates (3).

The electrochemical reactor caused an increase of over two folds in the dissolved oxygen (DO)
of the outlet water. Before the treatment, the DO of the water was 3.2 + 0.2 mg L' and after
the electrochemical treatment was 7.7 mg L', representative of the efficacy of the
electrochemical treatment. Considering that a single battery charge could sustain the reactor
operation for approximately 1.5 h, treating 1.4 L of water, the integrated system could treat an
average of 2.8 L of water per day. Note, that in this proof-of concept study the main goal was
to show that SMFCs can produce enough electricity under field conditions to operate a simple
water purification system based on chemical oxidation. Further experiments are needed to test
the disinfection performance of the system and its applicability to produce drinking water

quality from various sources.

Conclusions

This work presents the first demonstration of the development and upscaling, from the lab to
the field, of a stack of soil microbial fuel cells to generate renewable energy and power an
electrochemical reactor for water treatment. The soil microbial fuel cells are characterised by
a simple and low-cost design and operate in a shared electrolyte configuration. The power
output is effectively increased by stacking multiple soil microbial fuel cell units, which proved
to be a more effective scale-up strategy rather than increasing the electrode size. The soil
microbial fuel cells showed a stable performance over several months of operation, provided

that the soil water content is kept at approximately 50%. Despite differences in soil
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composition, irrigation water and ambient temperature and humidity, the current generated by
the stack of 16 soil microbial fuel cells in the field was within 12% of the current produced in
the lab. The current at peak power output generated by the stack of 64 fuel cells in the field
was of estimated to be 85 mA. When connected to the power management system, the soil
microbial fuel cells were able to charge a 600 mAh battery in roughly 8.5 h. The battery could
sustain the reactor operation for 1.5 h, treating 1.4 L of water. Therefore, the integrated system
was capable of treating up to 2.8 L of water per day with an electrochemical advanced oxidation
process. Since the soil microbial fuel cells were operated in air-cathode mode and irrigated by
a gravity fed set-up, there was no need for aeration or pumping. The developed integrated
system can, therefore, provide a sustainable decentralised solution for power generation and

the self-powered treatment of water in remote areas.
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Supplementary data

Figure S1. Experimental designs implemented throughout the study. A) SMFC reactor
design used in majority of the experiments; B) Laboratory set-up of the individual vs. shared
anolyte SMFCs; C) Laboratory set-up of the 16 SMFC stack connected in parallel; D) Field-
based set-up comprising of 64 SMFCs connected in parallel.
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Figure S2. Gravity driven set-up for electrochemical water treatment.
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Figure S3. Discharge curves of single cell NiMH battery adapted in the study. CA refers to
discharge current (1 CA =100 mA).
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Figure S4. Polarization curves comparing the performance of single SMFC in shared vs.
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Figure S5. Polarization curves comparing the performance of a large SMFC vs. a stack of 5
smaller units, connected in parallel.
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Figure S7. Charge and discharge test during which the fuel cells were connected to the energy
harvester. The electricity was stored in a 470 uF capacitor and dissipated to a LED. The
obtained results show that at the initial stages of charging the capacitor, the SMFCs voltage

was very high, displaying OCV behaviour, which indicates the absence of an external load.
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Once the capacitor reached a voltage of 1.5 V, the voltage of the SMFC stack dropped by over
50%. This rapid drop in voltage suggests that at this point the energy harnessing system applied
a resistance to maximise the power generation from the SMFCs. This is backed up by the
behaviour of the capacitor, as at this point, the charge rate increased significantly. Once the
capacitor reached its full charge at around 2.5 V, the LED was connected to the system. As
soon as the LED lit up, the capacitor’s voltage dropped to 1.8 V, and subsequently a steady
state value of approximately 1.7 V was reached. The LED remained lit throughout the whole
test, thus implying that the SMFCs stack was powerful enough to sustain continuous powering,

and that the energy harnesser was functional with the system.
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Figure S8. Polarization curves comparing the performance of single SMFC in the lab vs.
field-based system.
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Figure S9. Linear relation between peak power and current vs. number of SMFCs stacked in

parallel obtained during (A-B) field tests and (C-D) lab tests, respectively.
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Figure S10. A) Dissolved oxygen of the pond water before and after treatment with the

integrated system. B) Colour change of pond water before and after treatment
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